Finite element (FE) modeling techniques were developed to isolate the different contributions of corrosion damage to structural response of experimental reinforced concrete beams with shear-dominated behavior. Corrosion-damage parameters included concrete cover spalling due to the expansion of corrosion products; uniform stirrup cross-sectional loss from corrosion; localized stirrup cross-sectional loss due to pitting; debonding of corrosion-damaged stirrups from the concrete. FE analyses were performed including both individual and combined damages. The FE results matched experimental results well and quantitatively estimated capacity reduction of the experimental specimens.
Introduction
Many conventionally reinforced concrete (CRC) structures are exposed to conditions that can lead to corrosion of the embedded reinforcing steel. These include coastal structures subjected to wind-born salt spray and seawater as well as bridges subjected to deicing salt. Engineers often must evaluate existing structures that exhibit corrosion-induced damage, and only limited information is available for condition assessment and structural evaluation. A tool that has become widely used for analysis of structures is finite element analysis; however, application to corrosion-damaged structures requires modeling assumptions. Assessment of the sensitivity of results to the modeling assumptions requires parametric study and validation with experimental results. This paper presents modeling details for finite element analysis of CRC beams with corrosion damage to shear reinforcement and provides comparison of analyses with large-scale experiments on beam specimens for a range of corrosion-damaged components.
Previous research on the effects of corrosion damage has focused on flexural behavior of reinforced concrete (RC) members [1] [2] [3] [4] , the effects of corrosion on the bond behavior of corroded rebar [5, 6] , and the effects of cross-section loss due to corrosion on the mechanical properties of rebar [7, 8] . Previous research on the effects of corrosion on shear behavior of RC beams is lacking. An experimental study on the capacity assessment of RC beams with corrosion damage to the transverse steel was accomplished [9] . This research focused on the behavior of RC beams exhibiting various levels of corrosion damage to the transverse steel. Detailed experimental observations as well as applications of traditional analysis techniques to predict capacity are presented in the works of Higgins and Farrow III [10] and Higgins et al. [11] . These beam specimens were used to aid the development of finite element modeling techniques, and for comparison with parametric analyses to identify the contributions of damage components to capacity reduction.
Finite element analysis has been widely used in engineering applications. FE analysis of concrete structures has been performed using a number of different concrete models, with one of the most common being the smeared cracking approach. The method was employed for behavior evaluation of RC members [12] [13] [14] [15] [16] [17] . Dagher and Kulendran [18] used the smeared cracking approach to develop a numerical model for corrosion damage in concrete that provided a better understanding of mechanisms of damage propagation, spalling, and delamination. Coronelli and Gambarova [19] 2 Advances in Civil Engineering employed nonlinear finite element analysis for structural assessment of corroded RC beams that exhibited a flexural failure. The effects of corrosion were modeled by reducing the geometry of concrete and steel rebar elements and by modifying the constitutive models of concrete and steel as well as bond between the two materials. The approach applied to analysis of concrete beams with corrosion damage to transverse reinforcement for structural capacity prediction is new.
This study uses a commercially available finite element code. Experimental specimens [10, 11] are used for comparison of results, and the individual contributions of cover spalling due to expansion of corrosion products, rebar debonding from the concrete, and cross-sectional area loss from corrosion are isolated and combined to predict the relative contributions to strength and deformation capacity reduction.
Research Significance
Prior research on the effects of corrosion damage has focused on flexural behavior of RC members and bond behavior of corroded rebars. Research on the effects of corrosion on shear behavior of RC beams is lacking. This paper presents analysis methods using finite element modeling for structural evaluation of shear-dominated RC beams subjected to corrosion damage. The modeling techniques may be used by structural engineers to determine the impact of corrosion damage components on capacity for shear-dominated beams.
Experimental Beams
Fourteen reinforced concrete beam specimens with different levels of corrosion damage were tested to failure [10, 11] . The experimental beams were designed to reflect 1950's bridge girder proportions based on reviews of several CRC bridges and the design specification of the time. The design proportions were chosen to represent cross-sectional properties for a shear-critical section, at a distance approximately the effective depth from the support. The test setup was designed to result in a diagonal-tension failure of one of the test spans. The span-to-depth ratio was 2.0.
The experimental beams without corrosion damage were used to develop modeling techniques and for validation of the finite element (FE) analyses results [10, 11, 17] . The FE models were then employed to investigate effects of corrosion damage using a series of rectangular section beams. The four experimental beams had the same design properties, as shown in Figure 1 , but were subject to different corrosion damage levels. The beams consisted of four corroded stirrups in the test span, with a spacing of 254 mm. To ensure failure in the section of interest, tighter stirrup spacing (152 mm) was used on the uncorroded half of the span. An accelerated corrosion process was applied to the beam specimens using the corrosion cell to pass current through the stirrups acting as the anode. The corrosion cell consisted of a galvanized wire mesh acting as the cathode. Mesh was placed on the sides and bottom of the beams. The stirrups were connected in parallel to a constant current supply. Corrosion damage was prevented from occurring on the flexural steel. A wetted cotton towel was placed between the galvanized wire mesh and the concrete surface to provide electrical contact. Current was impressed through the stirrups at a constant current density. The degree of corrosion damage was controlled by the exposure time for the given current for each specimen.
During the accelerated corrosion process, cracks due to corrosion were mapped and recorded. Delaminations and spalled areas of concrete cover in the test spans were also identified. Although the damaged specimens showed similar visual corrosion including extensive cover cracking, delaminations, and rust staining, each of the four experimental beams exhibited different amounts of stirrup damage estimated by monitoring current flow into the stirrups. The specimens ranged from no damage to severe damage and were designated as specimen 10RA, 10RB, 10RC, and 10RD. Specimen 10RA had no corrosion damage. Specimens 10RB, 10RC, and 10RD had light, moderate, and severe damage states, respectively. Typically, cracks were observed adjacent to locations of the corroded stirrups, along the stem face to top and bottom of the beams, and near the location of the longitudinal steel, even though the flexural steel was not corroding.
Prior to testing, the experimental beams were visually inspected for damage and rated according to the Oregon Department of Transportation (ODOT) Bridge Inspection Pocket Coding Guide [20] that corresponds to national bridge inspection (NBI) guidelines [21] . The experimental beams were rated for item no. 110-Open Girder/Beam and NBI item #59. Superstructure item no. 110 rating values range from 1 to 4, with 1 representing little or no damage and 4 representing advanced deterioration. NBI item no. 59 rating values range from 9 to 0, with 9 representing excellent condition and 0 representing a failed condition. The rating value for item #110 was 3 for all damaged specimens. For NBI Item #59, specimens 10RB, 10RC, and 10RD were given a rating value of 5, 5/4, and 4, respectively. Note that these rating values were similar between specimens although corrosion levels were different.
Beams were tested to failure using a monotonic loading protocol in a load frame as shown in Figure 2 . The specimens exhibited shear-compression failures in the test span. Loaddeflection responses for the experimental beams are shown in Figure 3 . Maximum load, midspan deflection at the maximum load, and the amount of energy absorbed for each of the experimental beams are shown in Table 1 . Experimental results showed that ultimate strength was reduced for larger amounts of corrosion damage, with specimens 10RB, 10RC, and 10RD exhibiting 12%, 19%, and 30% lower ultimate strength, respectively, than specimen 10RA. The amount of energy absorbed by the beams was also used for specimen comparisons, taken as the area under the load-deflection curve starting from initial loading to the maximum load before unloading. Specimens 10RB, 10RC, and 10RD had 24%, 47%, and 55% reduced energy, respectively, compared to specimen 10RA.
After failure, test specimens were examined and observations were made. The core region remained intact, while much of the cover concrete was effectively delaminated. In the corrosion-damaged specimens, separation between the concrete core and cover was observed. A measurement of cover thickness was taken, and the average cover thickness was approximately 25 mm (1 in.), close to the specified concrete clear cover. Stirrups that crossed the diagonal failure crack were removed from each specimen. Measurements of the remaining cross-sectional areas for the corroded stirrups were made. Both uniform cross-section loss along the leglength and local maximum section loss were determined for the corroded stirrups. Mean values for the uniform crosssection loss along the stirrup legs and the local maximum section losses were 13% and 34%; 23% and 61%; 26% and 100% for the 10RB, 10RC, and 10RD beams, respectively. Table 2 shows the measured cross-sectional areas and area losses for the stirrups after testing.
Finite Element Analysis
Finite element analyses were performed to predict the response of the previously described experimental specimens. These beam specimens were used to aid the development of finite element modeling techniques and for comparison with parametric analyses to identify the contributions of damage components to capacity reduction. After validation of the model for the undamaged specimen, corrosion damage was introduced to the FE models. Subsequently, corrosion damage components were analyzed in isolation (i.e., concrete cover spalling, stirrup cross-sectional loss, and debonding at concrete-rebar interfaces). This enabled the identification of the contribution of corrosion damage constituents to structural performance deterioration.
Model Description. FE analyses of the beam specimens
were performed using ANSYS version 7.1 [22] , and the finite element model is shown in Figure 4 . For reinforced concrete, the 3D solid element, SOLID65 in ANSYS, had eight nodes and three degrees of freedom at each node, translations in the nodal x, y, and z directions. This element is capable of plastic deformation, crushing, and cracking in three orthogonal directions at each integration point. The solid element simulated concrete cracking with a smeared cracking approach. A 3D truss element, LINK8 in ANSYS, consisted of two nodes and three degrees of freedom at each node, translations in the nodal x, y, and z directions, and is used to model the discrete steel reinforcement. For the specimens considered, only half of the experimental beam was modeled due to symmetry. Embedded reinforcing steel was modeled using nonlinear truss elements rigidly connected to the surrounding concrete elements representing a perfect bond between concrete and reinforcing steel. For some of the later corrosion models, truss elements were not rigidly connected to the surrounding concrete elements as will be described later. Analyses were performed using a quasidisplacement control technique that incorporated high-stiffness springs at the loading point locations to accelerate solution times without loss of precision. This acceleration technique is described in detail by Potisuk [17] . Ends of the linear spring elements with high stiffness were connected between loading nodes of the beam model and a fixed boundary condition. Incremental forces were gradually applied to the end nodes of the spring elements, controlling the displacement of the model. The resulting forces are computed based on support reactions. Displacement loading ranged between 0.02 mm and 0.10 mm depending on the degree of nonlinearity.
Materials.
Material properties used in the model for both the concrete and reinforcing steel were based on mechanical tests. Constitutive modeling of the concrete was performed using Todeschini's [23] approximation for the compressive stress-strain relationship with parameters based on best fit of actual cylinder compression tests as shown in Figure 5 . The compressive stress-strain curve was defined to model concrete crushing, instead of using the crushing capability of the solid element. Concrete strengths ( f c ) for specimens 10RA, 10RB, 10RC, and 10RD at the day of test were 34.1, 34.6, 35.2, and 30.3 MPa, respectively. The average of these concrete strengths was 33.1 MPa and was used for all models to facilitate the comparison of results for the parametric study. An average strain at the peak stress (ε o ) of 0.0029 mm/mm, also obtained from the compression tests, was used to construct the concrete stress-strain curve.
Tensile strength ( f t ) was set at 0.5 f c MPa (6 f c psi), and Poisson's ratio was taken as 0.2. To account for confining effects at the load application points, concrete elements near midspan ( Figure 4 ) were modified to permit slower postpeak decay in compressive stress, at support and loading locations [24, 25] . Stress-strain relationships for the reinforcing steel were obtained by tension tests using a 51 mm gage length. Bilinear curves were employed for steel material modeling. Reinforcing steel had a yield stress of 496 MPa for the flexuraltension rebars and 483 MPa for the flexural-compression rebars. Stirrups had a yield stress of 441 MPa. Stress-strain curves for steel reinforcement are shown in Figure 6 .
Finite Element Model Validation without Corrosion Damage.
A baseline, model without corrosion damage was developed ( Figure 4) . Results from the finite element analysis were compared with experimental response from specimen 10RA. As shown in Figure 3 , the overall load-deflection response of the finite element model without corrosion damage compared well with the experimental response. The ultimate capacity and energy of the FE model (with no corrosion damage) were 3% and 21% higher, respectively, than those of specimen 10RA (Table 1 ). In addition to the ultimate load and energy comparisons, the analytically predicted "crack pattern" considering maximum principal-tension strains was compared with the observed crack pattern at failure for the experimental beam. As shown in Figure 7 (a), the predicted and experimental crack patterns were similar. In addition to the global response, localized reinforcing steel strain responses were also compared. Strains in the flexural steel for the undamaged model and experimental specimen 10RA are shown in Figure 8(a) . Flexural reinforcing bars in the FE model and experimental specimen 10RA both achieved the yield strain. The interior lower-layer (LL-I) rebar yielded at a load of 1023 kN for the FE model and at a load of 907 kN for specimen 10RA a 13% difference. The upper-layer (UL) rebar yielded at a load of 1134 kN for the model and at a load of 1036 kN for specimen 10RA a 9% difference. Analytically predicted and experimentally measured stirrup strains are shown in Figure 8(b) . Two stirrups within the test span were identified as yielded for both the FE model and experimental specimen 10RA. However, the yielded stirrups in the FE model were stirrups S1 and S2 (Figure 4) , while the yielded stirrups in the experimental specimen 10RA were stirrups S2 and S3. This difference may be due to actual discrete crack locations relative to strain gage locations, and bond stresses adjacent to these crack locations for the experimental specimen compared to the smeared cracking and perfect bond conditions of the FE model. However, the overall and local responses of the experimental specimen were well predicted by the finite element model.
Finite Element Modeling of Corrosion Damage.
Corrosion of embedded reinforcing steel produces damage to the concrete cover from expansion of the corrosion products as well as the reduction in the reinforcing steel area. FE modeling of corrosion damage was performed by considering both concrete cover damage and cross-sectional area loss to the transverse steel. These components were treated individually and also combined. Corrosion damage to the stirrups was modeled in several ways. These included reducing the area of the stirrup elements over the entire stirrup leg length to represent uniform cross-sectional area loss and reducing the stirrup area for a specific stirrup element location to represent a locally reduced cross-sectional area. Different locations for the locally reduced areas were considered to determine the effect on response. Lastly, the impact of bond loss between the stirrups and concrete was considered by only attaching the coincident nodes for the stirrup and concrete elements at the top and bottom of the stirrup, instead of at every node.
At the extreme end of the life of the specimen, the concrete cover and the transverse steel area is fully lost. To model these severe corrosion damage conditions, an FE model was developed by removing the 25 mm thick concrete elements at the outside layer (as shown in Figure 9 ) and eliminating all four of the stirrup truss elements within the test span. The maximum load and energy of the severely damaged model (spall with 100%A s loss in Table 1 ) are 33% and 65% lower, respectively, than those of the undamaged model. The ultimate capacity and energy of the severely damaged model were 800 kN and 3.2 kN·m, which are 2% and 6% lower, respectively, than those of specimen 10RD. Loaddeflection response of the severely damaged model is shown in Figure 3 . Analytically predicted crack patterns based on maximum principal strains and the experimentally observed cracking for specimen 10RD are shown in Figure 7 (b). One large crack was observed for experimental specimen 10RD, while a wider band of large principal strains is seen in the FE model. Flexural and stirrup strains for experimental specimen 10RD were not collected due to damage to the strain gages during the corrosion process, and thus no comparisons could be made between experimental specimen and analytical model. Results from both the undamaged model and severely damaged models corresponded well with experimental results for specimens 10RA and 10RD and represented the upper and lower boundaries of the damage states.
To assess the isolated contribution of concrete cover spalling due to corrosion, the outside layer of concrete elements was removed, while the stirrup elements were included in the model and connected to the adjacent concrete elements at the nodes. Analysis results showed that the maximum load and energy of the model (spall w/bonded concrete-rebar interface w/ 0%A s loss in Table 1 ) were reduced by 11% and 40%, respectively, as compared to the undamaged model.
To assess the role of uniform cross-sectional area loss, FE models with reduced cross-sectional areas for the stirrup elements were developed. No cover spalling was included to isolate the contribution of uniform stirrup cross-sectional loss on beam capacity. The areas of the stirrup truss elements in the test span were reduced by 50% and 100% uniformly over the entire leg length. FE results showed that the ultimate strength and energy of the models were 7% and 29% lower, respectively, for the 50% uniform cross-sectional area loss model and 31% and 66% lower, respectively, for the 100% uniform cross-sectional area loss model as compared to the undamaged FE model.
In most cases, rebar area loss from corrosion occurs simultaneously with concrete cover spalling. To assess this interaction, a model with a combination of stirrup crosssectional area loss and concrete cover spalling was developed. Three uniform cross-sectional area losses of 0%, 50%, and 100% were considered. The concrete cover was removed for these analyses. Due to the large volume expansion of corrosion products, the concrete cover would be significantly damaged for the amount of cross-sectional area loss considered (50% and 100%). Predicted load-deflection responses of the combined damage models were compared with similar models without concrete cover spalling for the 0%, 50%, and 100% cross-sectional area losses as shown in Figure 10 . Comparisons of the ultimate load between the two series of model are shown in Figure 11 (a). The reductions in ultimate load for the models without cover spalling and the models with cover spalling exhibited similar trends. There was a nonlinear reduction in ultimate load as the uniform stirrup cross-sectional area loss in the models increases. For the models without cover spalling and those with cover spalling, reductions in ultimate loads of 7% and 3%, respectively, were found when the uniform cross-sectional area loss increased from 0% to 50%. Similarly, reductions in ultimate load capacity of 26% and 22%, respectively, were observed when the uniform cross-sectional area loss increased from 50% No spall, 0% A s loss Spall, 0% A s loss Figure 13 : FE predicted load-deflection response for models with spatially distributed, local maximum section loss in stirrups.
to 100%. The significance of the beam width and uniform cross-sectional area loss to the energy absorbed for the models is shown in Figure 11 (b). When concrete cover spalling occurs, the energy absorbed was 40% less than for the undamaged model for the cases with no area loss. When the uniform section loss increases, the difference between the energies for the model without spalling and the model with spalling was reduced to 24% for 50% uniform cross-sectional area loss, and almost no difference for 100% uniform crosssectional area loss. area loss models, insignificant differences were observed for both the ultimate strength and energy due to spalling, and the combined damage results were about 33% and 65% lower, respectively, than those of the undamaged model. The analysis results are summarized in Table 1 . Actual corroded stirrups may contain both uniform cross-sectional area loss along the length and locally severe cross-sectional area loss at discrete locations along the rebar due to concentrated corrosion or pitting. For this study, this is referred to as maximum cross-sectional area loss. An FE model with concrete spalling was employed to determine the effects of locally reduced stirrup areas on structural performance. In this model, each stirrup was modeled using nine finite truss elements. A local maximum cross-sectional area loss of 75% (corresponding to 25% of the original stirrup area) was applied to one of the nine finite truss elements, with the full cross-sectional stirrup area for the other eight truss elements. Different locations for the local maximum cross-sectional area loss within the test span were considered to assess the influence of spatial damage sequencing on ultimate loads, energy, and crack patterns. Due to the use of symmetry in the modeling, the analysis implies that the opposite leg of the same stirrup (not directly modeled) has the maximum area loss in the same location, corresponding to a worst-case situation. Four models with different locations of local maximum loss were developed and designated as SP1, SP2, SP3, and SP4, as shown in Figure 12 .
Locations of stirrups and maximum stirrup area loss are shown with a dashed line and a circle, respectively, in this figure. For these models, the concrete cover was removed, as it would be likely that for this level of stirrup corrosion damage, the cover would have spalled significantly. The analyses were performed and the maximum load, deflection at the maximum load, and energy results for the models are summarized in Table 3 . Vector plots of maximum principal strains (taken when maximum principal strain reaches approximately 0.03 anywhere in concrete cross-sections) were used for the comparison of possible crack patterns, as shown in Figure 12 . Localized damage as indicated by rebar crosssectional area loss can alter the crack pattern as shown in the figure by the comparison of the principal tensile strains of the SP1, SP2, SP3, and SP4 models with the model with spalling and no localized section loss. Load-deflection responses of the models are shown in Figure 13 . Ultimate loads in Table 3 for the SP1, SP2, and SP3 models were similar to each other and close to that of the model with concrete spalling, no stirrup area loss, and a bonded concrete-rebar interface (2% higher for SP1 model and 1% less for SP2 and SP3 models). Energies of the SP1, SP2, and SP3 models were higher than for the model with concrete spalling and no area loss, 24%, 5%, and 2% larger, respectively. The ultimate load and energy of the SP4 model were 13% and 23% lower, respectively, than those of the model with spalling and no localized section loss. The SP4 model exhibited the lowest ultimate load and energy among the local section loss models. For this model, the two locations of local maximum section loss were near or within the area of the beam with large principal strains and at midheight of the beam, away from the constraint provided by the flexural steel and the compression zone ( Figure 12 ). The sequencing of damage within this region contributed to diminished capacity, and energy as the locally reduced sections in the compression strut zone failed to adequately constrain the transverse tensile strains. These results indicate that the location of stirrup corrosion damage may affect the member behavior and that damage sequencing could be of significance. For randomly occurring damage in the field, the likelihood of sequencing may be small. However, for situations where diagonal cracks already exist from previous loads as well as shrinkage and temperature effects, corrosion may concentrate at the stirrups crossing the crack due to the availability of moisture, air, and chlorides.
The correlation of uniform and localized section loss will vary with the amount of cover damage, cracking of the concrete, and the environmental conditions along the specimen. For sections with significant amounts of cover spalling, it is likely that large localized cross-sectional area loss will occur simultaneously with uniform cross-sectional area loss along the stirrup leg length. When uniform cross-sectional area loss in the stirrups was combined with local maximum stirrup cross-section loss, the capacity and energy of the models were only slightly reduced when the stirrups are debonded from the concrete. However, when stirrups are debonded from the concrete, load and deformation capacity were significantly reduced as shown for model SP2 with and without stirrup bond to the concrete in Table 1 . Concrete cover spalling diminishes the bond at the concrete-rebar interface. As the bond between the concrete and steel reduces, the strains become more uniform over the height of the stirrups. To assess this phenomenon, a combination of cover spalling and concrete-rebar interface debonding was included in a series of analyses. The model with concrete spalling included stirrups modeled using nine truss elements with ten nodes. All the nodes for the stirrup elements were constrained to solid concrete element nodes where they were coincident. To simulate concreterebar interface debonding due to corrosion, only the two outer nodes of the stirrup element groups at the ends were connected to the concrete elements. Analyses were performed and results (Table 1) for ultimate load and energy of the models with spalled concrete cover, 0%A s loss, and debonded stirrups were 13% and 23% lower, respectively, than those of the otherwise similar model with bonded stirrups. Subsequently, a uniform stirrup cross-sectional area loss of 50% was added to the spalled concrete cover model with debonded concrete-rebar interface. This model produced an ultimate load reduction of 23% and an energy loss of 50% compared to the undamaged model. Debonded interfaces were then included for the local maximum section loss using the SP2 damage sequencing (uniform section loss of 0% and local maximum section loss of 75%). This SP2 model with concrete-rebar interface debonding had capacity and energy reductions of 28% and 62%, respectively, compared to the undamaged model, and had capacity and energy reductions of 19% and 40%, respectively, compared to the similar SP2 model with bonded stirrups of the same cross-sectional areas. An FE model considering concrete spalling, concrete-rebar interface debonding, uniform rebar section loss of 50%, and local maximum rebar section loss of 75% for the SP2 model was also developed. Ultimate capacity and energy of the model were 32% and 63% less, respectively, than those of the undamaged model. This damage combination corresponded to the most severe corrosion damage state observed in experimental specimens (specimen 10RD). Load-deflection responses of the models with debonded concrete-rebar interfaces are shown in Figure 14 , and analysis results are summarized in Table 1 . As seen in this figure, the maximum loads of the models with the debonded concreterebar interfaces are relatively close to each other and ranged between 23% and 32% less than for the undamaged model. Sequencing of locations of maximum section loss may not be as important when debonding occurs, as the stirrup strains are concentrated within the smallest stirrup area, independent of the location relative to the principal tensile strains on the cross-section.
Summary results of ultimate loads and energies for all finite element analyses and experimental data are shown in Figure 15 . The sequence of results is sorted by the amount of energy and by the capacity. Analysis results fall within the range of the experimental findings. A progression of corrosion damage and the subsequent capacity loss for the test specimens was developed considering the damage to the concrete and stirrups that occurs concurrently and based on the analytically predicted capacity loss from individual and combined damage components. Predicted sequencing of damage is illustrated in Figure 16 using a pseudotime progression for corrosion damage as a function of shear capacity. Corrosion damage initiates when chlorides reach corrosion threshold. Time to reach this threshold varies but depends on concrete permeability, as well as the availability of moisture, chlorides, and oxygen. At the initiation of corrosion, the stirrups begin to lose cross-sectional area, and the expansion of the corrosion products results in concrete cover damage. Relatively small reinforcing steel area loss (experimentally observed nominal section loss of an average of 2.9% of initial area [10, 11] ) was required to produce cover cracking and initiate spalling. Loss of the concrete cover immediately reduced the capacity due to the reduction in the beam cross-section, even as the stirrup area is close to the original undamaged area. Initial concrete cover damage was followed by additional steel area reduction (both uniform and localized area loss) and debonding of the concreterebar interface along the length of the stirrups. The stirrup location with the greatest localized section loss limits the shear capacity, particularly for debonded stirrup legs, which concentrates strain in the reduced section of the stirrup regardless of the location of the reduced area. This type of cumulative corrosion damage was represented by the severe damage state observed for the experimental specimens and was reasonably modeled by combining the individual corrosion damage components.
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Conclusions
Engineers often must evaluate corrosion-damaged, conventionally reinforced concrete structures. Visual inspections of steel-reinforced concrete members with corrosion damage may not adequately indicate the actual structural performance. Estimating the remaining shear capacity requires analysis methods that can incorporate the effects of corrosion damage to the stirrups and to the concrete section. The use of finite element (FE) analysis has become routine for structural engineers and permits refined analyses and was used to determine the impact of corrosion damage components on capacity for shear critical beams. Analyses were correlated with large-scale experimental specimens subjected to accelerated corrosion of the embedded stirrups. Based on observed corrosion damage to the experimental specimens, damage parameters included in the analytical study were concrete section loss due to cover spalling, uniform rebar cross-sectional loss, localized maximum rebar cross-sectional loss and corresponding spatial distribution of maximum loss, and debonding of corrosion-damaged stirrups from the concrete. Based on FE analysis results, the following conclusions are made.
(1) The range of damage observed for the experimental specimens was bounded within the analytically superimposed corrosion damage parameters.
(2) FE results and experimental data show that corrosion damage reduced the stiffness in the service range, load-carrying capacity, and deflection at the maximum load of the reinforced concrete beam specimens.
(3) For the section considered, loss of bond between the stirrups and concrete produced the greatest reduction in load and deformation capacity for an individual damage component.
(4) Cover spalling reduced the load-carrying capacity by 11% and the energy by 40% compared with the undamaged specimen. The contribution of the cover to strength and deformation capacity may depend on the relative size of the cover area to the overall size of the specimen.
(5) Uniform section loss up to 50% of the original area had relatively small impact on strength although the energy was reduced by 29%. When the stirrup area was reduced to zero, both the load and deformation capacity were significantly reduced.
(6) The spatial distribution of localized cross-sectional area loss (local maximum section loss) can alter the crack pattern compared with the undamaged model when the stirrups are still effectively bonded to the surrounding concrete. When the maximum area loss corresponds to a region of the beam with large principal tensile stresses, the capacity is reduced.
(7) The location of the maximum stirrup section loss becomes less important when stirrup debonding occurs. Unbonded stirrup strains are largest within the reduced section regardless of location relative to diagonal cracks. (8) Combined damage parameters of cover loss, uniform area loss, locally reduced areas, and stirrup debonding effectively represented the experimental specimen in the most severe corrosion damage state.
